Control of cell migration is important in numerous key biological processes, and is implicated in pathological conditions such as cancer metastasis and inflammatory diseases. Many previous studies indicated that cell migration could be guided by micropatterns fabricated on cell culture surfaces. In this study, we designed a polydimethylsiloxane cell culture substrate with gratings punctuated by corners and ends, and studied its effects on the behavior of MC3T3-E1 osteoblast cells. MC3T3-E1 cells elongated and aligned with the gratings, and the migration paths of the cells appeared to be guided by the grating pattern. Interestingly, more than 88% of the cells cultured on these patterns were observed to reverse their migration directions at least once during the 16 h examination period. Most of the reversal events occurred at the corners and the ends of the pattern, suggesting these localized topographical features induce an abrupt loss in directional persistence. Moreover, the cell speed was observed to increase temporarily right after each directional reversal. Focal adhesion complexes were more well-established in cells on the angular gratings than on flat surfaces, but the formation of filipodia appeared to be imbalanced at the corners and the ends, possibly leading to the loss of directional persistence. This study describes the first engineered cell culture surface that consistently induces changes in the directional persistence of adherent cells. This will provide an experimental model for the study of this phenomenon and a valuable platform to control the cell motility and directionality, which can be used for cell screening and selection.
Introduction
In multicellular organisms, the controlled migration of cells within the body is of fundamental importance [1, 2] . Both the directionality and motility of cells are rigorously regulated, and are responsible for numerous physiological 6 These authors contributed equally to this work. events such as tissue regeneration [3] , embryo development [4] , and cancer metastasis [5] . In the past decades, a plethora of evidence has revealed that the extracellular microenvironments in tissue provides guidance for cell migration [6] . These microenvironments comprise a complex mixture of extracellular matrix (ECM) components, including fibronectin, collagens, hyaluronate, and chondroitin sulfate, organized into three-dimensional networks with specific architectural properties [7, 8] . It was reported that the motility of neural crest cells is promoted in fibronectin-rich environments, while the presence of chondroitin sulfate around notochord prevents crest cell migration [9, 10] . In brain tissues, the migration direction of postmitotic neurons is controlled by radial glial fibers of the brain [11] . However, since the extracellular environment contains so many interrelated factors, systematic understanding of the roles of individual factors in cell guidance is still incomplete.
To uncouple various factors within tissue microenvironments, artificial substrates have been developed to study cell migration in vitro. The most widely used experimental model involves the use of engineered two-dimensional surfaces for cell culture substrates [12] [13] [14] . This system allows easy manipulations of extracellular microenvironments such as ECM composition [15, 16] , topographical features [17, 18] , surface energy [19] , and elasticity [20] [21] [22] . For example, osteoblastic cells cultured on polystyrene nanoimprinted with varying dimensions of nanogrooves have been shown to establish elongated and aligned morphology and migrate anisotropically [23] . More importantly, this type of experimental model allows the visualization and biochemical dissection of the molecular apparatus involved in cell migration. The focal adhesion (FA) complex is a specialized transmembrane molecular complex that, together with other factors such as integrins, is responsible for transducing the mechanical signals in the extracellular environment into changes in cytoskeleton, leading to guided cell migration [24] . Down-regulation of factors that are essential for FA formation, such as RACK1 [25, 26] and FAK [27] , demolishes the directional migration of cells in response to chemical and physical cues.
Most of the studies on cell guidance focus on the gross movement of cells, or groups of cells, over a relatively long distance. In vitro cell movements are characterized by motions in steps of heterogeneous lengths, each towards a different direction [28] . Unguided cells tend to change directions randomly, resulting in random walks with no net movement. Long-distance migrations of cells are therefore achieved by the avoidance of big directional changes between these individual steps. This ability is described by a loosely defined term called directional persistence [2] . A recent survey on 54 different cell types indicated that directional persistence appears to be highly cell-type specific [29] , and may therefore have important physiological significances. This property is regulated, at least in part, by a biochemical pathway involving the microtubule motor protein KIF1C, which mediates the traction differences between the leading front and the retracting tail of the cell [30] . Recently, some elegant studies have shown that directional persistence of cells can be controlled by micropatterned substrates, on which ECM proteins were printed in microscopic islets with asymmetric geometries [31] [32] [33] [34] [35] [36] . These studies allow the systematic investigation of the cellular and biochemical controls of directional persistence, one of the least well-known elements in the understanding of cell migration.
In this study, we explored the use of another type of surface property, surface topography, in the study of directional persistence in cell migration. We describe an engineered surface, discontinuous and angular gratings, which can induce the abrupt reversal of directionality in osteoblast cells. We have achieved this by modifying the classical microgrooved surface, introducing bends and ends to the pattern. Detailed characterizations of cell motility and directional persistence, as well as the organization of FA and cytoskeletons of cells cultured on this novel substrate are reported. The platform developed in this study will likely open a novel opportunity for the study of cytoskeleton and focal adhesion organization during the directional changes of cell migration.
Materials and methods

Fabrication of engineered PDMS surface
Engineered patterns were fabricated on a Si wafer using ultraviolet (UV) photolithography. Typical pattern designs have 5 μm wide lines, 5 μm wide spaces, and 1 μm deep grooves. The details of the fabrication technology used for the patterned polydimethylsiloxane (PDMS) substrates are shown in figure 1(A). Photoresist with a thickness of 1 μm was spin-coated onto a Si wafer and exposed using UV photons ( figure 1(A-a) ). A 60 nm thick Cr layer was sputterdeposited onto the Si wafer ( figure 1(A-b) ), and lifted-off in acetone, leaving the Cr mask on the Si surface ( figure 1(Ac) ). Reactive ion etching (RIE) was applied for etching 1 μm deep grooves in Si ( figure 1(A-d) ). The etching gases were 16/4 sccm CF 4 /O 2 , 20 mTorr, and rf power of 100 W. After Cr was removed by wet etching, the patterned Si mold was coated with trichloro(1H,1H,2H,2H-perfluorooctyl)silane (FOTS) (Sigma-Aldrich, 97%) as an anti-sticking layer to promote easy demoulding of the polymer replica ( figure 1(Ae) ). The coating was carried out by vaporizing 100 μl of FOTS around the Si mold in a vacuum chamber for 5 h. PDMS prepolymer (silicone elastomer base:curing agent mass ratio = 10:1, Dow corning Sylgard 184) was poured onto the Si mold and degassed for 15 min on a hotplate at 80
• C for 5 h ( figure 1(A-f) ). Cured PDMS was peeled off from the Si mold ( figure 1(A-g) ). An O 2 plasma using 20 sccm O 2 flow rate, 80 mTorr, and rf power of 50 W for 3 min was used to form a hydrophilic PDMS surface with a surface energy of 71 ± 3 mN m −1 . The plasma treated PDMS substrates were stored in deionized (DI) water immediately to maintain the hydrophilic property. The hydrophilicity can be maintained at least one month in DI water. On the day of the experiment, the PDMS substrates were immersed in 70% ethanol for 15 min. The sterilized substrates were washed for 5 min with MilliQ water three times to remove the ethanol.
Cell culture
MC3T3-E1 cells and U2OS cells were obtained from American Type Culture Collection (ATCC numbers CRL-2594 and HTB-96, respectively). Human mesenchymal stem cells stably expressing green fluorescent protein (GFP) [37] were from Dr D Campana (St. Jude Children's Research Hospital, Memphis, USA). The cells were maintained in Dulbecco's modified eagle medium (DMEM)-high glucose (Invitrogen) with 10% fetal bovine serum (FBS, Gibco),
• C and in 5% CO 2 in a humidified incubator. Cells were kept below full confluence at all times, and the media was refreshed every three days. Typically, MC3T3-E1 cells were seeded at a density of 8 × 10 3 cells cm −2 onto the PDMS substrates.
Immunofluorescence
About 24 h after seeding on the PDMS substrates, MC3T3-E1 cells were fixed for 5 min with 4% (w/v) freshly prepared paraformaldehyde (Sigma-Aldrich) at room temperature, quenched with 100 mM glycine (USB) in phosphate buffered saline (PBS) for 15 min and washed twice with PBS before permeabilization in 1% (v/v) Triton X-100 (SigmaAldrich) in PBS for 2 min at room temperature. After permeabilization, the cells were washed twice in PBS and blocked with 1% bovine serum albumin (Sigma-Aldrich) in PBS for 30 min at room temperature. The cells were then incubated with primary antibodies for 60 min, and washed and incubated with fluorochrome-conjugated secondary antibodies for 60 min. The slides were washed in PBS followed by counter staining for 15 min. To visualize the focal adhesions and cytoskeletons, mouse anti-vinculin (Millipore) was use as the primary antibody. Alexa 488 goat anti-mouse (Invitrogen) was used as the secondary antibodies. Rhodamine-phalloidin (Invitrogen) and Hoechst (Sigma-Aldrich) were used to counter-label the filament actin and nucleus, respectively. The immunelabeled cells on PDMS were mounted against coverslips with fluorescence mounting medium (Dako), and were imaged with a confocal microscope (Leica SPE).
Scanning electron microscopy
Cell culturing on PDMS patterns was performed as described above. After one day of culture, cells were rinsed with warm PBS, followed by fixation with 4% paraformaldehyde for 30 min. Fixed samples were dehydrated through a series of increasing ethanol concentration (30%, 50%, 70%, 90%, and 100%) and mixture of ethanol/acetone (concentration ratio: 3:1, 1:1, and 1:3). The dehydration was completed by using critical point drying. The samples were carbon coated by evaporation. The coated samples were imaged under an environmental scanning electron microscope (FEI/Philips XL30 ESEM-FEG).
Time-lapse imaging
Sterilized PDMS substrates were pasted onto the glass of 35 mm glass bottom dishes (SPL). MC3T3-E1 cells were seeded at a density of 8 × 10 3 cells cm −2 onto the PDMS substrates. After 3-4 h of initial attachment, normal DMEM was replaced by CO 2 independent medium (Invitrogen 18045-088), supplemented with FBS and L-glutamine (Invitrogen). The setup was imaged with a laser scanning confocal microscope (Leica TCS SP5, with 543 nm HeNe visible laser) every 5 min. During imaging, the cells were maintained in a humidified 37
• C environment. Resulting time-lapse movies were analyzed by MetaMorph to quantify cell motility and directionality. Angular and grating patterns were taken three times each, and the statistical results were based on these six trials.
Image analysis
The images obtained were analyzed by NIH ImageJ (version 1.42q) and Macnification (version 1.7.1). The directional reversal was defined when the direction of cell movement changed 180
• . The overall cell speed was calculated from the distance cell travelled per 1000 min. For cell elongation, the average aspect ratio of at least 50 cells (long axis/short axis) was measured. Cell alignment quantification was as previously reported [38] . Briefly, the angle between an arbitrarily chosen reference line and major axis of each of at least 50 randomly selected cells was measured. The relative alignment, defined as the reciprocal of a standard deviation (SD) of the average value, was reported. All quantitative data presented in this report are based on triplicated experiments. All results are reported as mean ± SD. Statistical significance was tested using one-way ANOVA. Hypothesis was accepted at p < 0.05. The root mean square (RMS) of displacement was obtained 
Results and discussion
Design of angular grating pattern
While the effects of grooved patterns on cultured mammalian cells have been widely studied [39] [40] [41] , most of these works are limited to the movement of cells along straight, parallel gratings. The behavior of cells when the gratings bend or terminate has never been described. Here, we designed a cell culture surface containing parallel ridges (∼1 μm tall) that are 180-260 μm long, with a 135
• corner close to each end. Since our previous observations indicate that MC3T3 cells move along a straight grating pattern at a speed of less than 1 μm min −1 (figure 5(E) and data not shown), we devised our pattern so that each cell will encounter at least one corner and one end within the span of one cell cycle. We termed this the 'angular grating pattern'. Figure 1(A) shows the fabrication process of this patterned surface. It was made of PDMS polymerized on a template generated on a Si wafer by using UV photolithography. The resulting PDMS was then plasma-treated so that the surface is compatible with cell adhesion and growth [42, 43] . Scanning electron microscopy (SEM) (figures 1(B)-(D) ) showed that both the Si mold surface and the PDMS cell culture surface were flat and uniform, with 980 nm deep parallel ridges precisely positioned as designed. Adherent mammalian cells, including mouse osteoblast precursor cells MC3T3-E1, human osteosarcoma cells U2OS, and human mesenchymal stem cells, could adhere and spread readily on this surface, with no observable difference in viability and proliferation rates when compared to regular plastic surfaces (data not shown).
Angular grating pattern induces cell elongation and guides cell migration paths
MC3T3 cells cultured on the patterned surface demonstrated clear morphological changes, as compared to the flat PDMS surface. As shown in figures 2(A)-(D), MC3T3-E1 cells adopted a more elongated shape and appeared more aligned to the pattern below. This is consistent with previous studies showing that grooved topography induces adherent cells to elongate and align [44] . Scanning electron microscopy (figures 2(E) and (F)) shows that each MC3T3-E1 cell spread across several ridges, indicating that the observed elongation and alignment were not a result of physical entrenchment of the cells in the grooves. We labeled the stress fibers in cells growing on the angular grating pattern and those on the flat surfaces. Figure 2(A) shows that the actin filaments of MC3T3-E1 cells appeared to be aligned to the axis of the grating, whereas the stress fibers of cells on the flat surface were more disorganized ( figure 2(B) ), an observation similar to that on this cell line cultured on other microgrooved patterns [45] . By using time-lapse microscopy, we analyzed the movement of MC3T3-E1 cells on the angular grating surface. As shown in figure 3(A) , cells on the flat PDMS surface adopted a random walk movement, in which cells migrated about from their starting position with no clear direction. However, on the angular grating pattern, cell movement was clearly guided by the ridges, which is consistent with numerous literature data on the behavior of cells cultured on straight grating patterns. Figure 3(B) shows the average RMS of cell displacement of 12 (flat surface) to 17 cells (angular grating pattern). The RMS cell displacement on angular grating pattern increased from 30 to 141 μm in 1000 min, whereas the cell displacement on flat surface changed from 4 to 33 μm on flat surface. This indicates that cells guided by the angular grating pattern travelled longer paths with larger displacements. Interestingly, the movement of cells appeared to follow the grating even on the bends ( figure 3(A), arrows) . In many cases, cells were able to follow both of the bends on the grating. In the part of the pattern where the upper and lower grating patterns fused to form a complete hexagon (arrowheads), some of the cells were observed to follow up to three bends in succession during the period of imaging. This suggests that the relatively shallow ridges in the pattern (980 nm) can provide sufficient microenvironmental cues to control the migration routes of MC3T3-E1 cells.
Directional reversal on engineered PDMS surfaces
Our time-lapse microscopy data show that cells could move in both clockwise and anti-clockwise directions on the pattern. In many cases, a cell would abruptly reverse its direction during migration. As illustrated in figure 4(A) (supplementary data, movie M1 available from stacks.iop.org/BF/6/015011/mmedia), a cell adopted an 180
• reversal of direction while moving along the pattern. Most previous studies on the regulation of cell migration consider it a breakdown of directional persistence when the path of cellular movement deviates by only 20
• [46] . What we observed in this study (180 • change in the directionality) is an extreme case of such a phenomenon. As expected, these 180
• reversals were rarely observed in cells seeded on a flat PDMS surface, as such an abrupt change in directions is infrequent in a cell population following largely stochastic movements. However, such a reversal of migration directions was found to be very common in MC3T3-E1 cells growing on the angular grating pattern. For instance, out of 26 cells imaged on the pattern over 1000 min, 23 cells (88%) were observed to reverse their direction at least once. These 23 cells achieved a total of 86 reversals in 1000 min, with one cell shuttled as many as seven times (supplementary data, figure S1 available from stacks.iop.org/BF/6/015011/mmedia). Such a phenomenon was consistently observed in independent experiments and regardless of the microscope platform used (data not shown). The directional reversal was likely attributed to the presence of bends and ends on the angular grating pattern, and not to the height or the pitch of the ridges, as we also observed similar cell migration behaviors on angular grating patterns with different dimensions, e.g., with a ridge height of 2 μm or a width of 10 μm.
We determined whether the reversal of directions occurred randomly, or at preferred sites on the pattern. We mapped the locations of all the reversal events observed in a 1000 min duration ( figure 4(B) ). Remarkably, more than 50% of all the observed reversals occurred at the end of the grating (red), and about 26% occurred on the bend (blue) figure 4(C) . The remaining 23% of the reversals happened when the cells were on the straight part of the grating (yellow). Since there are only two ends and two bends on each line, our data indicate a striking preference for the cells to reverse their directions at these two locations. Indeed, of all the cells that encountered the end of the grating pattern, more than 88% reversed their movement back into the pattern. Only less than 12% of cells continued their movement, leaving the pattern and trespassing into the adjacent flat surface. Our data suggest that changes in the local physical environment of the grooved topography, such as sharp corners, or the abrupt termination of the pattern, appear to promote directional reversal. To confirm this finding, we fabricated a classical grating surface composed of long, parallel, and straight ridges of the same height, width, and pitch as in the angular grating pattern (supplementary data, figure S2 available from stacks.iop.org/BF/6/015011/mmedia). We predicted that MC3T3-E1 cells seeded on this surface will reverse their direction much less frequently than those on the angular grating pattern, as the elimination of the bends and the ends would remove the stimulating factors of such a persistence change. Figure 4(D) indicates that directional reversal on straight and long grating was indeed significantly less frequent. Taken together, our data show that the angular grating pattern can effectively define the migration path of MC3T3-E1 cells, and some geometrical elements of this pattern, such as the corners and the ends, can induce the reversal of cell directionality very efficiently. To our knowledge, this is the first report on the bidirectional shuttling of adherent cells enabled by engineered surface topography.
Cells accelerate after reversing directions
We measured the speed of the cells before and after the retraction (figure 5). In figures 5(A) and (B), the migration of two MC3T3-E1 cells over a span of 60 min was analyzed.
For the cell that did not reverse its direction, its speeds during the first 30 min (red track) and the second 30 min (green track) were expectedly the same. The other cell reversed its direction at the middle of this time window. This cell's speed before the reversal was similar to that of the first cell. However, the speed appeared to increase during the second half of time (green track), after the reversal of direction. We conducted this analysis on 15 cells, and observed that the speed of cell movement significantly increased after the change in direction regardless of the location of the change ( figure 5(C) ). The migration speed returned to the pre-reversal level after about 30 min ( figure 5(D) ).
Hence, the abrupt change in cell directionality induced by surface topography is associated with a temporary increase in migration speed. This implies that the overall speed of MC3T3-E1 cell movement on the angular grating pattern should be higher than that on long, straight gratings, as these cells reversed their directions significantly more frequently on the bends and at the end of gratings ( figure 4(D) ). We tested this hypothesis by comparing the cell speeds on these two patterns over 1000 min, relative to the speed of the cells cultured on flat PDMS surfaces. As shown in figure 5(E) , the speed of cells on long, straight gratings (0.59 μm min −1 ) was similar to that on a flat surface (0.56 μm min ), which is consistent with a previous study [47] . However, the overall speed of cells cultured on the angular grating pattern was 1.01 μm min −1 , significantly higher than that on long, straight gratings. Even with a higher motility, the net displacement exhibited by MC3T3-E1 cells on the angular grating pattern was not significantly different from that on long, straight gratings (data not shown). This is consistent with the shuttling nature of cell movement on the angular grating pattern, resulting from frequent directional reversals. Taken together, the momentary acceleration of the cell after each directional reversal leads to a higher cumulative speed on the angular grating pattern.
Focal adhesions are larger in cells on angular grating pattern
Since the dynamic assembly of the focal adhesion complex is essential for cell spreading and migration, we analyzed the focal adhesions of MC3T3-E1 cells on the angular grating pattern and on flat surface ( figure 6(A) ) by vinculin staining. In consistent with the literature, focal adhesions of cells on the grating surface are mostly aligned with the patterns underneath. On the flat surface, orientations of the focal adhesion appeared random. The size and shape of focal adhesions were further quantified by measuring the area and the aspect ratios of vinculin-containing focal adhesion structures in cells cultured on the patterned and flat surfaces ( figure 6(B) ). There was no significant difference in the shape of focal adhesions on these two surfaces, as indicated by the aspect ratio. However, the size of the focal adhesion complex on the angular grating pattern was consistently larger than those on the flat surface. As cell adhesion and motility depend on the assembly and deconstruction of focal adhesions, this result suggests that the topography controls cell alignment by controlling the assembly of focal adhesions.
3.6. Angular grating pattern may mediate directional reversals by polarizing focal adhesion formation on two ends of the cell We then imaged the cells at a higher time resolution in order to characterize the behaviors of the cells at the moment of directional reversals (figure 7(A) and supplementary data, movie M2 available from stacks.iop.org/BF/6/015011/mmedia). Cells were shown to navigate on the grating pattern by protruding its leading front along the underlying patterns. At the site where the cells reversed their directions, we observed that the cells continued to extend and retract their cytoplasmic protrusions on the opposite edges in an oscillating manner. During this time the net migration of the cells ceased. After around 30 min, there was an imbalance in cytoplasmic protrusions between the leading and rear fronts of the cell. The leading edge was characterized by multiple prominent filipodia, while the rear end contained one trailing tail, which appeared to retract and cause the cells to retreat in the opposite direction (supplementary data, movie M2 available from stacks.iop.org/BF/6/015011/mmedia). Staining of focal adhesions and actin filaments of cells that encountered the end of the pattern ( figure 7(B) ) confirm that multiple focal adhesions were established on the leading front (arrowheads). A trailing adhesion can be seen on the rear end of the cell (dotted circle). The focal adhesions observed in the two sides of the cells are different in size: the part of the cell that landed on the flat surface (leading front) appeared to contain smaller focal adhesions, similar to those detected on cells seeded on the flat surface. The part of the cell that was still on the grating pattern, however, contained larger focal adhesions, similar to those in cells on the grating.
We hypothesize that the corners and the ends on the angular grating patterns designed in this study may cause such a local imbalance in focal adhesion formation between the leading and trailing edges of the cell. This imbalance may establish a cell polarity that eventually leads to the retraction of the cell back into the pattern. The mechanism of this reversal is still not clear. It is possible that this polarity may temporarily interrupt the actin polymerization process, which may in turn destabilize the actin polymerization and focal adhesion complex assembly on the leading front. As a result, the unbalanced traction force between the leading front and retracting tails may stimulate the reversal of cell migration direction, as indicated in the model summarized in figure 8 .
Conclusions
This study describes a newly designed PDMS surface that stimulates directional reversal in MC3T3-E1 cell movement. This was achieved by using corners and ends on a grating pattern. The motility of cells increased temporarily after directional reversals. Our results reveal for the first time how local topography of cell culture surfaces affect cell directional persistence and cell motility. This engineered surface will provide a unique experimental model to study the regulation of cell migration. By optimizing the surface patterns, these engineered structures can be used to regulate cells for cell screening, disease study, and tissue engineering.
